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Introduction

Natural gravity currents are often found flowing down slopes. Examples include the flow of
hot ash down the flank of a volcano, to snow avalanches down the sides of mountains, to the
flow of dense water from saline seas or silty rivers into the ocean and down a continental
slope. The tilting of a gravity current down a slope adds new physics to the problem, in
particular the process of entrainment of ambient fluid into the current can be important
(which in flows on flat surfaces in largely suppressed by density stratification).
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2.1

Gravity currents on slopes
Finite volume current

A finite volume gravity current can be studied with an experimental apparatus involving
the sudden release of a fixed volume of dense fluid into a lighter fluid. A diagram of an
experimental apparatus is shown in Figure 1. Images from a finite volume release experiment
on six different slopes is shown in Figure 2, and streak photos showing the fluid motion
within the current for an experiment on a 20◦ slope are shown in Figure 3.
The relevant parameters in a finite volume release and their dimensions are
g0
Q0
θ

reduced gravity (without taking slope angle into account)
current volume / width
slope angle

[L/T 2 ];
[L2 ];
no units.

The only combinations of parameters which give the correct units for velocity, length, and
height of the current are then
1/2 1/4
U = g0
Q0 f0 (θ),
(1)
1/2
{L, h} = Q0 f1,2 (θ).
We also expect the entrainment, which we characterize by a “rate of entrainment” velocity
ue to scale with the velocity of the flow such that
ue ∼ U,
where in the regime we are interested in, U is constant. We can then conclude that
1

(2)

Finite volume on slope

Diagram of experimental apparatus for finite volume release of dense fluid on a slope. From [1].

Figure 1: Diagram of experimental apparatus for finite volume release of dense fluid on a
slope [1].

1. the volume of the current increases linearly in time, and therefore
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2. both L and h increase linearly in time because the shape of current is self-similar.
One particularly interesting point is that due to the flow structure within the current, most
of the fluid entrained from the ambient environment enters at the rear of the flow. This is
particularly apparent in the low Reynolds number limit for the 90◦ angle current, where the
falling dense fluid is simply a negatively buoyant vortex ring. The scaling of the height and
length of the current with time are plotted in Figure 4, and the increase in the height of
the current as a function of the slope angle (which we denoted f2 (θ)) is plotted in Figure 5.
A plot of the dimensionless front velocity is shown as a function of distance in Figure 6 –
note that the range of velocities is small even for a large range of slope angles.
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Laboratory experiments

Finite volume release of dense fluid on slopes 5, 15, 45, 60 and 90o . From [1].

Figure 2: Finite volume release of dense fluid on a slopes angled at 5, 15, 45, 60, and 90◦
(images a–f respectively). [1].
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Length measurements
o◦ slope
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Dimensionless height and length of the current on different slopes. From [1].

Figure 4: Dimensionless current height and length on slopes 5◦ (N), 15◦ (4), 45◦ (), 60◦
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Increase in height with slope

Increase in height as a function of slope. The dashed line corresponds to the gravity current head measured by [3]. From [1].

Figure 5: Increase in height as a function of slope. The dashed line is the current head
measured by [3]. From [1].
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Dimensionless front velocity as a function of distance. •θ = 10o ; !θ = 45o ; "θ = 10o ; !θ = 10o . From [1].
Figure 6: Dimensionless front velocity as a function of distance for slopes of 5◦ (•), 15◦ (),

45◦ (N), and 60◦ (◦). From [1].
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Constant flux

Definitions for the integral model for a boundary gravity current. From [3].

Figure 7: Schematic of a constant flux gravity current down a slope. From [3].

2.2

Constant flux current

In a constant flux gravity current the rate at which volume is released down the slope is fixed.
Paul Linden P.F.Linden@damtp.cam.ac.uk
Gravity currents
In this case the current usually exhibits a “head” at it’s front, which can be characterized
by dimensions L and H, followed by a long, thinner tail. A schematic of a constant flux
current is shown in Figure 7 and images from an experiment are shown in Figure 8.
The relevant parameters in a constant flux current and their dimensions are
g0
Q
θ

reduced gravity (without taking slope angle into account)
volume flux / unit width
slope angle

[L/T 2 ];
[L2 /T ];
no units.

Dimensionally then the velocity U of the current must be
1/3
U = g0Q
f (θ).

(3)

A plot the front position of a gravity current in time and a plot of U versus (g 0 Q)1/3 showing
the validity of this scaling are shown in Figure 9. A plot of the quantity U/ (g 0 Q)1/3 versus
slope angle is shown in Figure 10 in an attempt to extract f (θ). While the data in Figure 10
is scattered, an examination of a similar plot for the speed of a cavity propagating in a fluidfilled tube, which perhaps represents the positive buoyancy case of a gravity current on a
slope is shown in Figure 11, demonstrating well developed curves for f (θ). The growth rate
of the height of the head at the front of the gravity current is plotted against slope angle in
Figure 12. The entrainment rate as a function of slope and Richardson number is plotted
in Figure 13. One interesting observation for the vertical current is that the entrainment
and current shape is identical to a falling or rising plume which has been divided in half.
A persistent problem with the constant flux experiments is that it is difficult to obtain
a high Reynolds number for the low angle flows in the lab such that the loss of momentum
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Laboratory experiments

The front of a gravity current on slopes of 0o , 5o , 20o , 45o , and 90o . The flow is from right to left. From [3].

Figure 8: A constant flux gravity current flowing from right to left on slopes of 0, 5, 20, 45,
and 90◦ . From [3].
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Experimental measurements

(a) The front position of a gravity current on slopes of •0o , !, "5o , !0o , and "15o . (b) Front velocity as a function of the
buoyancy flux. Lines have slope of 1/3. From [3].

Figure 9: The front position of a gravity current on slopes of 0◦ (•), 5◦ (), 20◦ (), 45◦
(4), and 90◦ (O). From [3].
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Non-dimensional front velocity U/(g0! Q)1/3 plotted against0 slope.
! [5], " [13], # [12], " [11], • [3]. From [3].
Figure 10: Non-dimensional front velocity U/ (g Q)1/3 plotted against slope. ? [5], [9], 
[8], ◦ [7], • [3]. From [3].
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g tubes

ed of a cavity propagating along an emptying tube as a function of the angle of the tube axis to the horizontal.
Figure
11: The
of a cavity propagating
an emptying
tube as
a function
of
in terms of Froude
numbers
andspeed
the differences
result fromalong
the effects
of surface
tension.
In every
case the maxi
the angle of the tube axis to the horizontal. The speedso are expressed in terms of Froude
an inclination of 30 . [14]
numbers and the differences result from the effects of surface tension. In every case the
maximum speed is at an inclination of 30◦ [10]
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wth rate of the head dH plotted against slope. Also shown (shaded is the rate of growth of the following flow from [4]). From
dx Entrainment
thehead
following
current
Figure
12: Growth rateinto
of the
dH/ dx plotted
against slope. The height of the
following thinner layer is also shown by the shaded region (from [4]). From [3].
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The entrainment rate measured in a continuous downslope flow as functions of slope and Richardson number. From [4].

Figure 13: The entrainment rate measured in a continuous downslope flow as a function of
slope angle and Richardson number Ri. From [4].
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Lock exchange in a sloping channel
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Lock-exchange in a sloping channel. From [2].

Figure 14: Lock exchange in a sloping channel [2].

due to bottom drag is not important. In many flows, additionally, we might expect a
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transition at some Paul
critical
slope angle in the dominant
factor controlling the velocity of the
flow, from bottom drag to the loss of momentum due to the entrainment of ambient fluid.
Additionally, because of the entrainment of ambient fluid, the velocity of the current is only
a weak function of θ.

2.3

Lock exchange

We may also consider lock exchange in a sloping channel, which differs from the gravity
currents considered above because of the addition of an upper boundary. A schematic of
lock exchange in a sloping channel is shown in Figure 14. Similar to unconfined gravity
currents on slopes, one of the most important differences induced by the slope is to make
overturning and turbulent mixing more energetically favorable on the boundary between the
two fluids. This is demonstrated by simulations (Figure 15) and experiments (Figure 16)
and is especially evident at later times when the current becomes well-developed.
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Numerical simulations
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Figure 15: 2D
DNS simulation of a Boussinesq sloping lock exchange for ρ1 /ρ2 = 0.98
0.25
z
0
(where ρ1 is on the
right and ρ2 is on the left) and < = 4, 000 [2].
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Lock exchange for γ = 0.98 and Re = 4, 000. From [2].
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Lab experiments

Images of lock exchange at various angles for γ = 0.992. From [9].

Figure 16: Images of sloping lock exchange at various angles for ρ1 /ρ2 = 0.992. Note that
θ = 90◦ − α, where θ is defined in the schematic in Figure 14 and α is the angle denoted in
the images. From [6].
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